Coal mining industries face real challenges to meet legal demands on a low carbon future. The history of coal in industrial transitions seems to come to a rapid end, accompanied by widespread boom of closing active coal mining projects. This change can result in negative ramifications for coal mining regions, involving a complex interplay of multiple risks. In this paper, we aim to analyse the complexity of environmental, social, and governance factors that can cause significant difficulties in closure of coal mining operations. We identify multi-factor risk profiles for operating mines by applying spatially explicit indicators within a proposed multi-risk framework. The indicators have not been captured by conventional market, as they tend to be more long-term oriented in the context of strategy and performance. We map eight risk categories: stability, water and climate, biodiversity, vulnerability of land uses, indigenous people, social fragility, political fragility, and regulatory environment, and analyse their effect on a global dataset of active open pit coal mines. The spatial analysis reveals that a significant proportion of the projects face accumulation of multiple risk factors. A total of 552 projects out of 916 show medium to very high-risk occurrence. In this paper, we present global risk vulnerability across the coal mining projects by indicating extent to which operators of the mines face multiple risk factors when planning for closure.
Introduction
Coal industries have been challenged by a movement targeting a reduction in global emissions. Over one hundred major financial institutions have issued restrictions on investments in coal (Buckley 2019) . The European Parliament has called for the European Union to exit coal by 2030 (European Environmental Bureau 2019) . This year, for the first time in history, an Australian judge ruled against a new coal mine development citing community concerns about climate change (McGowan & Cox 2019) . These and other actions forecast changes in the coal mining industry with ramifications for the energy sector worldwide. In some jurisdictions, a rapid and widespread closure of coal mining projects is expected in order to meet legal demands on a low carbon future. All this can result in negative consequences for coal mining regions, involving a broad range of complex risks. To achieve long-term sustainability and social gain in these regions, closure approaches should consider co-occurrence of multiple risks.
Coal mining has specific characteristics that warrant particular attention (Salmon 2018) . When open pit coal mines operate, millions of tons of rock need to be moved, resulting in distinct landscape changes. Key features of this change are spoil piles, rejects and tailings depositories, and final voids where mining occurred immediately prior to closure. These human-made environments, and their interplay, are more sensitive to various factors and their interplay than natural ecosystems. They can create a complex set of long-term environmental and social issues and challenges for post-mining land use and rehabilitation as previously shown by, for example, Lechner et al. (2017) . Therefore, a broad range of environmental considerations are present in investor decision-making in mine closure planning. In the open pit, large-scale coal mining, environmental risks primarily include stability of waste storage facilities and final voids, and water and biodiversity impacts (Hendrychová & Kabrna 2016; Walters 2016) . The social risks of coal mining refer to the nature of multi-faceted relationships between the company, the local community, and host society (Bainton & Holcombe 2018) , to the vulnerability of the environment caused by cumulative human disturbances (Venter et al. 2016) , and to the dynamics associated with cultural heritage, and indigenous and tribal lands (O'Faircheallaigh 2017). The governance risks highlight the link between institutional frameworks and the achievement of Sustainable Development Goals (United Nations Development Programme 2015). These risks include the legal and regulatory systems, processes and mechanisms that control corporate decisions and actions, corporate disclosure and transparency, corruption, taxation regime, trade barriers, and other political factors (Organisation for Economic Co-operation and Development 2017).
In this paper, we use the framework of environmental, social, and governance (ESG) risks in global mining industry environment as previously developed by Valenta et al. (2019) . Recent research about large-scale mining has highlighted the complexity of factors that need to be considered by companies, communities, and governments in designing, developing, operating, and closing large-scale extractive projects (Ranängen & Lindman 2017) . Addressing ESG issues has therefore become a critical part of business strategy. The ESG framework presented in this paper explores important risk domains that have not been captured by conventional market indicators. These risk domains tend to be long-term oriented in the context of strategy and performance.
The aim of the study is to analyse the complexity of ESG factors that can cause significant difficulties in closure of coal mining operations. Using the ESG framework presented in Section 2.1, we applied spatially explicit indicators to map multi-factor risk profiles of active coal mine projects on a global scale.
Methods and data collection 2.1 ESG Framework
In developing the ESG framework, we considered eight risk categories that can contribute to risk vulnerability of mining projects and entire regions, if being in high or medium importance: stability, water and climate, biodiversity (environmental risks); vulnerability of land uses, indigenous people, social fragility (social risks); political fragility, and regulatory environment (governance risks). The scheme of the framework is presented in Figure 1 . Risk categories and risk factors (input datasets) are described in Appendix 1.
Figure 1 The ESG framework
The multi-risk vulnerability of global coal regions in the context of mine closure K Svobodova et al.
Every risk category compiles from various risk factors developed by previous research. The factors represent measures of particular risks or their aspects. Recognising diversity in completeness, content, and representativeness of the factors, different combinations of global risk factors were compiled for each risk category. Each of these factors, through their interactions with the mining project, are considered as having the potential to generate risks that can cause difficulties in mine closure planning.
Data collection and spatial analyses
The global dataset of active coal mines was extracted from the S&P Global Market Intelligence database (S&P Dataset) (S&P 2019) as an Excel table with latitude and longitude coordinates and other characteristics such as projected closure year, mining method, activity stage, owner's name, and operator's name. The S&P database is a commercial database where data are collected from publicly-released information provided by owners of mining properties. Although it is one of the largest, most comprehensive and up-to-date sources (Valenta et al. 2019) , the data are limited by the extent of corporate self-reporting. For instance, artisanal and small-scale mining or some state-owned projects and other unreported mining activities are not covered by the database.
From the global dataset, we selected all projects where coal was a primary commodity and where an extractive method was open pit mining. To narrow the responsibility for the risk management toward the operating companies, we further reduced our sample to the mining projects that are active, under care and maintenance, on hold, or under litigation. As a result, we selected a set of 916 coal mining projects. Approximately 92% of these entries are projects in their active phase and the remaining 8% are under care and maintenance, on hold, or under litigation. Only 107 of the active projects (13%) has reported a closure year ( Figure 2 ). The input datasets for the ESG risk factors were downloaded from the sources listed in Appendix 1 as spatially referenced Geographic Information System data represented by rasters or vectors.
All spatial analyses were conducted using ArcGIS 10.6 system software. The coordinates of coal mines were transferred to spatially explicit vector points. To identify multi-factor risk profiles of coal mine projects, we conducted overlay analyses Spatial Join (Analyses toolset) and Extract Multi-Values to Points (Spatial Analyst toolset) using the mines as a target layer and the ESG risk factors as join layers (Environmental Systems Research Institute 2018).
As a result of these analyses, every mining project received a level of risk for each ESG factor, based on risk calculation and normalisation presented in Table 1 . For every mine, medium and high-risk factors were indicated as '1' and low level risks as '0'. The ESG risk category was considered as severe when any of its input risk factors received a value of '1'. For instance, the stability ESG risk category was recognised as severe when any from Global Seismic Hazard, Terrain Ruggedness Index, or Landslide Risk Index were showing high or medium risk (value '1'). In the presented ESG framework, we considered all ESG risk categories as equivalent in terms of their impact on mine closure. Based on the risk profiles, all mines were divided into three categories:
Low-risk projects (zero to three ESG risks presented).
Medium-risk projects (four to six ESG risks).
High-risk projects (seven to eight ESG risks).
Results
A total of 102 mines (11%) out of 916 projects were identified as high-risk projects, 450 (50%) mines were assessed as medium-risk projects and the remaining 360 (39%) projects as low-risk. The average number of risks was 4.2 per project ( Figure 3 ).
Figure 3 The global multi-factor risk profile of coal mining projects and the frequency distribution of multiple risks
A total of 11 coal mine projects showed an occurrence of all eight ESG risks, which indicates an extremely high-risk profile (Figure 4 ). All these mines are presently active with an operations commencement date between 1968 and 2009. According to the S&P Dataset, none of these projects have disclosed a closure year. Five of these projects are in India and run by four different companies. Five projects are in Indonesia operated by three various companies and one project is in Philippines.
Figure 4 A set of 11 coal mining projects that show a complex co-occurrence of all risks across the ESG risk framework
The Adaro complex that includes the Wara, Tutupan and Paringin coal mines is one of the identified projects with extreme risk profile. They are located approximately 250 km north of Banjarmasin in South Kalimantan in Indonesia. The coal reserves amounting to 5.5 billion tonnes of coking coal are one of the largest coal reserves in the world. The annual production capacity of all three mines varies from 41 million tonnes (Tutupan) to 5 million tonnes (Wara) and 1 million (Paringin) tonnes of coal (Wood Mackenzie 2018). As shown in Figure 5 , the project is in close proximity to the town Murung Pudak and surrounded by smaller villages. 
Discussion and conclusion
Our findings provide a sense of the likely risk vulnerability across the coal mining projects, revealing the extent to which closure of these projects will encounter multiple risk factors. A total of 102 mines in the dataset show a high-risk profile with a co-occurrence of seven or eight out of the possible eight ESG risks. 11 projects out of these 102 show an extremely high-risk profile, including all evaluated risks. Recognising the average of 4.2 risks per project, we indicated that most open pit coal mine projects appear to be a subject to a complex interaction of multiple risks across the ESG framework.
Under the scenario of rapid and widespread closure of coal mining projects where nation states reconfigure their resource economies to meet a low carbon future, we confirmed that operating mining companies will face multiple types of concurrent risks in most of the mining regions around the world. Safe and sustainable closure of the projects will require operators to include a range of complex factors to their closure planning and management, particularly where projects are best with multiple medium and high risks. We argue that the presence of multiple risks contributes significantly to the design challenges of closure. Understanding the complexity of ESG risks and their effect on coal mining regions provides an opportunity to re-consider the future of research and innovation in global mining industry.
Considering future mine closure against a broad range of complex factors, we present an ESG risk-based approach that is applicable to any national mining context worldwide. Although this paper does not provide suggestions on how the impacts of the risks can be reduced, the presented framework can contribute to development of adaptive strategies in closure planning by recognizing bounding conditions and risk intensity. Moreover, using global data enable to focus on international difficulties of mine closure, giving a competitive advantage in a global marketplace.
Appendix 1 The ESG risk factors, their coverage, description, and risk calculation procedure details

Risk factor
Reference *coverage Data description
Risk calculation and normalisation
Global seismic hazard (GSH) Giardini et al. (2003) *Global The global seismic hazard map is the result of Global Seismic Hazard Assessment Program. The dataset depicts the seismic hazard as peak ground acceleration with 10% probability of exceedance in 50 years, corresponding to a return period of 475 years.
If GSH ≥ 0.8, medium to high-risk occurs If TRI ≥ 46, medium to high-risk occurs Aqueduct water risk Reig et al. (2013) *Global The World Resources Institute designed the water risk dataset to assess the physical, regulatory, and reputational risks that water can pose to companies and their investors.
The dataset calculates 12 indicators and aggregates them into one overall score. Weights for each indicator are customisable depending on their importance and relevance to the user. The 12 indicators are grouped into the physical risk category (quantity: baseline water stress, inter-annual variability, seasonal variability, flood occurrence, drought severity, upstream storage, groundwater stress; quality: return flow ratio and upstream protected land) and regulatory and reputational risk category (media coverage, access to water and threatened amphibians).
If the field 'OWR_cat' in the attributes of the water risk ≥ 0. Ease of doing business (EODB) World Bank (2018) *190 countries The EODB measure evaluates the efficiency and quality of the business-related rules in a jurisdiction. It was built in 2002. It ranks countries according to the regulatory environment they provide for local entrepreneurs, focusing primarily on the domestic sector. The Doing Business methodology is survey based (expert surveys and internal expert evaluations), and is made of 41 indicators classified along 10 different topics: starting a business, dealing with construction permits, getting electricity, registering property, getting credit, protecting minority investors, paying taxes, trading across borders, enforcing contracts, and resolving insolvency. Each topic has its own methodology and questionnaire. Approximately two-thirds of the data embedded are based on written laws and regulation, often provided as reference by the expert respondents. In 2018, the dataset draws inputs from around 13,800 professionals.
Normalised by the lowest rank 190 to receive 0 -1 values. If EODB normalised value ≥ 0.40, medium to high-risk occurs
